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ABSTRACT

The Foraging Behavior of a Solitary Bee, Diadasia

nigrifrons (Hymenoptera: Anthophoridae) on
Sidalcea oregana, ssp. oregana

by

Kimberly A. Kuta, Master of Science
Utah State University, 2003

Major Professor: Edward W. Evans
Department: Biology

Foraging studies have established that bees typically obey a set of movement
rules when foraging on vertical inflorescences: they begin foraging at the bottom of
an inflorescence, move upward, visit a fraction of the available flowers, and leave
before reaching the top of the inflorescence. These behaviors are purported to
maximize bee foraging efficiency by concentrating their efforts on the most
rewarding flowers and minimizing flower revisits. Bees also increase their
efficiency by selecting inflorescences with many flowers, visiting more flowers per
inflorescence, and remaining in resource-rich areas. To test these hypotheses on
plants with more complicated flower arrangements, I observed the foraging behavior
of the solitary, specialist bee, Diadasia nig rifrons, on its host plant, Sidalcea

oregana ssp. oregana, at two sites in northern Utah. S. oregana plants produce one
to several paniculate (non-vertical) inflorescences.

Flowers open from bottom to top

LY

within branches of the panicle, but flowering often occurs contemporaneously
between branches.

Diadasia foraging behavior did not conform to the expected movement rules.
Bees tended to arrive at male flowers irrespective of their position on the
inflorescence, visit one or a few flowers, and leave the inflorescence and the foraging
area. They did not forage from bottom to top and did not appear to favor
inflorescences with more flowers. Despite this, bees did respond to differences in
flower number within inflorescences by visiting more flowers on larger
inflorescences.

Other studies have shown that bees tend to remain foraging in an

area after encountering abundant resources. In addition to flower number as a
measure of reward availability, I used the foraging time on the first flower visited
and the time elapsed since the flower was last visited. The response of bees to these
cues was inconsistent. Bees were not more likely to remain foraging in an area after
visiting an inflorescence with many flowers than after visiting one with few flowers,
nor were they consistently more likely to remain foraging after visiting rewarding
flowers. I discuss several possible explanations for Diadasia 's apparent non-optimal
foraging behavior, including the possibility that Diadasia behavior is a response to
perceived predation risks and/or reward availability.

(88 pages)
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INTRODUCTION

The diet of most bees consists of nectar and pollen produced in flowers by
plants. Adult males and females ingest nectar through their proboscis by probing
flower nectaries. Adult females also gather pollen onto their hind legs or the
undersides of their abdomens, as well as collect nectar to provision cells for their
offspring.
Bees foraging on flowers face problems regarding when they forage, where
they forage, what flowers they visit, and how long to forage on a flower before
moving to another flower, inflorescence, or patch. The success of foraging animals
is determined by costs and benefits, such as the energetic costs of flying and the time
spent searching for and handling the food source versus the food reward gained.
Optimal foraging theorists (MacArthur and Pianka 1966, Emlen 1966, Charnov
1976, Pyke et al. 1977) provide mathematical models predicting that animals should
forage in a manner that maximizes benefits (e.g., net energy gained) while
minimizing costs (energy expended), within the limits of certain constraints.
Foraging models proceed from several overarching assumptions (reviewed in
Pyke 1984) including: resources (pollen, nectar) are limiting for much of the time
and are competed for by flower visitors; thus, the foraging behavior of an animal
determines its Darwinian fitness (survival and reproductive success); foraging
behavior is inherited and thereby passed from parent to offspring; therefore,
efficiently foraging organisms will contribute more progeny to the next generation,
and the number of efficient foragers will increase over time. In the process of
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formulating a mathematical model, foraging models also define the relationship
between the pay-off (currency) gained by foraging in a specific manner and the
animal's fitness. For example, conventional foraging models assume that the most
fit animals will be those that maximize their rate of energy gain. Models also
assume that the constraints, the intrinsic and environmental limitations on the animal,
are known and understood.

In addition to proposing how animals use their food resources, optimal
foraging studies can also reveal how behavior affects and is affected by other
members within the community.

For example, pollinators foraging on plants transfer

pollen within and between plants. Their foraging paths thus affect pollen movement
within the plant population and often exert selective pressures on plant fitness.
Conversely, plants provide nectar "rewards" to "encourage" pollinators to move
pollen in a way that is most effective for the plant. At the same time, bees are
attempting to collect these rewards from the plant in a way that is most efficient for
them. Therefore, their foraging behavior and subsequent fitness both affects and is
affected by plant traits. Foraging theory aided biologists in refining their
understanding of the relationship between pollinator foraging behavior and plant
design and fitness (Pyke 1978a, Best and Bierzychudek

1982).

Generally pollinators foraging on vertical, racemose inflorescences are
thought to obey a set of "movement rules" first explored by Pyke ( 1978a,b,c, 1979);
they begin foraging at the bottom of the inflorescence, forage upward, visit a fraction
of the available flowers, and leave before reaching the top of the inflorescence.
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While this behavior was described earlier (Benham 1969, Heinrich 1979, Cruden
1976), Pyke was the first to model it. In many common plants with vertical
inflorescences, floral nectar content is often inversely related to vertical position on
the inflorescence (Pyke 1978c, 1979, Best and Bierzychudek 1982, Galen and
Plowright 1985, Thomson 1986); that is, flowers contain greater nectar rewards at
the bottom of the inflorescence than the top. Nectar volume and concentration is
sometimes also associated with flower age, and flower age may vary with position
on the inflorescence.

For example, on vertical inflorescences with acropetalous

flower opening (bottom to top) and protandrous flowers (mature from the male to
female stage), older female flowers will be present below young male flowers on the
inflorescence (Fig. I).
It is proposed that bees maximize their foraging efficiency by arriving at the
bottom, where nectar rewards are greatest, and foraging upward on the inflorescence
(Pyke, l 978b,c, 1979, Corbet et al. 1981 ). Additionally, because nectar rewards in
many plant species decrease as bees move upward, it is proposed that nectar-foragers
increase their efficiency by leaving the plant without visiting all open flowers.
Studies suggest that the decision to leave an inflorescence is made based on the
marginal value theorem (bees should leave when the net energy gained is higher if
they fly to a new flower on a new inflorescence rather than continue to forage on
below-average flowers; Charnov 1976, Pyke 1978a,b ), the patch assessment model
(bees should leave when the amount of nectar received from the probed flower is
below a threshold; Hodges 1985a,b, Dreisig 1985, 1989), or the probabilistic
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departure rule (the probability of departure is a decreasing function of the amount of
nectar received at the present flower; Cresswell 1990).

(a)

(b)

FIG. 1. Schematic diagram of a Sidalcea oregana ssp. oregana inflorescence and the

three flower phases. (a) Sidalcea oregana ssp. oregana inflorescence, and (b) the
three flower phases: new, pollen-producing male-phase flower (top), hermaphroditephase flower marking the transition from male to female-phase (middle), and
receptive female-phase flower (bottom). Each branch of the panicle has a region of
unopened buds at the top followed by young flowers in the male phase,
hermaphrodite flowers aging from male to female, and older female flowers.
Flowering is acropetalous (proceeds from bottom to top) within each branch but is
asynchronous between branches.
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These theories are not mutually exclusive. Studies have also proposed that
bees benefit when moving systematically within an inflorescence, whether upward or
downward, by minimizing energy expended moving between flowers, and by
reducing their chances of revisiting a recently depleted flower (Pyke 1978c,
Waddington and Heinrich 1979, Best and Bierzychudek 1982).
Although vertical inflorescences are common among many plant families,
there are many other types of flower arrangements. For example, most plants in the
parsley family (Umbelliferae) produce clusters of small, perfect flowers with all
flowers within the umbel on the same horizontal plane. Common dandelion

(Taraxacum officinale) produces a single inflorescence (head) composed of many
ray flowers. Both inflorescence types result in a close, flat association of flowers.
Flowers within the clusters mature from the outer edges inward. In contrast,
inflorescences of wild geranium (Geranium viscosissimum) produce distinct flowers
on many-leveled branches.
Regardless of floral arrangement, bees can increase their efficiency by
selecting flower-rich inflorescences and visiting more flowers per inflorescence
(Best and Bierzychudek 1982). Large inflorescences with many flowers are
considered to be more attractive to pollinators and to contain greater rewards, and
bees tend to arrive more frequently and visit more flowers sequentially than on
smaller inflorescences (Wolfe and Barrett 1987, Hessing 1988, Schmid-Hempel and
Speiser 1988, Robertson and Macnair 1995, Vrieling et al. 1999). Conversely, other
studies show either no effect of flower number on bee behavior (Eckhart 1991, 1992,
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Rademaker and de Jong 1998) or a non-significant tendency for bees to visit more
flowers on many-flowered versus few-flowered inflorescences (Geber 1985).
Therefore, the relationship between visitation and flower number may not be
generalized over all plant and visitor taxa (Eckhart 1992) and has even been shown
to vary between plant populations with similar pollinator assemblages (Eckhart
1991). Circumstances leading to a positive association between visitation and flower
number need to be further examined.
In addition to flower number, reward availability can influence the
attractiveness of an inflorescence and the number of flowers visited by bees. Reward
availability in a flower is likely to be determined, in part, by the amount of time
passed since the last bee visit to a flower (replenishment time). For example, Sowig
(1989) found the longer the time elapsed between bumblebee visits to an Echium

vulgare patch, the greater proportion of flowers in the patch that bees visited.
Kadmon and Shmida (1992) determined that bees were less likely to depart an
inflorescence after visiting a flower that was not recently visited. Therefore, bees are
more likely to remain foraging on an inflorescence that has not been recently visited.
Reward availability has also been positively correlated with the amount of
time a bee spends on the first flower visited (Hodges 1985a, Thomson 1986,
Asmussen 1993). The amount of time bumblebees spend on Erythronium

americanum flowers increases with both nectar volume and concentration (Thomson
1986). Similarly, bumblebees foraging for Dodecatheon pollen spent more time per
flower as pollen availability increased (Harder 1990). The likelihood of bees
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remaining on an inflorescence is also related to the amount of time spent on the first
flower visited. Hodges (l 985a) found that nectar-foraging bumblebees with short
foraging times on the first Delphinium nelsonii flower visited tended to visit only one
flower, and when more than one flower was visited, the time on the first flower was
significantly longer. Therefore, bees visited more flowers on a plant when they
probed a flower with greater rewards.
Although producing many synchronously blooming flowers attracts large
numbers of visitors and enhances their foraging efficiency, it also has its drawbacks.
Among them is an increase in within-plant visits. Increased within-inflorescence or
within-plant visitation can increase the transfer of pollen from one flower to another
on the same plant thereby effecting geitonogamous pollination (Charlesworth and
Charlesworth 1987, Harder and Barrett 1995). In self-compatible plants,
geitonogamy can result in an increase in selfing and inbreeding depression (Geber
1985, Klinkhamer et al. 1989, Harder and Barrett 1995, Snow et al. 1996). Selfincompatible plants face the possibility of stigma clogging, when self pollen grains
interfere with the germination of outcross pollen by taking up space on the stigma
(Seavey and Bawa 1986, Galen et al. 1990, Waser and Price 1991, de Jong et al.
1992). Both mating systems suffer reduced pollen export (pollen discounting:
Holsinger et al. 1984) from the transfer of self pollen within the plant. For selfincompatible species, male reproductive success suffers, because fewer pollen grains
reach genetically different plants. Ovules may be lost due to stigma clogging and
reduced pollen export; therefore, female reproductive success may suffer. Studies
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confirm that an increase in the number of flowers visited per bee with inflorescence
size results in an increase in geitonogamy (reviewed in de Jong et al. 1993, Barrett et
al. 1994 ).
Depending on the circumstances, inbreeding may be beneficial or
detrimental. Inbreeding may lead to a potentially beneficial reduced range of genetic
variation in self-compatible plants; alternatively, selfed flowers may suffer from
inbreeding depression (reviewed by Charlesworth and Charlesworth 1987). As
defined, inbreeding depression is the reduced fitness of inbred progeny relative to
outcrossed progeny. Compared to outcrossed flowers, selfed flowers of selfcompatible species often suffer reduced seed set, seed mass, and progeny
germination rates, size, fertility, or survival rates (reviewed in Charlesworth and
Charlesworth 1987). For example, Agren and Schemske (1993) found that selfed

Begonia hirsuta and B. semiovata flowers averaged 12% lower seed production than
outcrossed flowers. Selfed Costus guanaiensis plants suffered reduced seed
production, germination rates, and progeny size (Schemske 1983).
Selfing may also negatively affect fitness in self-incompatible plant species.
Self pollen clogs the stigma and removes space that could be occupied by outcross
pollen. In the self-incompatible plant Ipomopsis aggregata, self pollen on receptive
stigmas is able to grow pollen tubes and penetrate the ovaries much as outcross
pollen does (Waser and Price 1991). In addition to clogging the stigma, this results
in a reduced seed set even when more than enough compatible outcross pollen is
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present. The same study observed 47% of all pollen received by flowers to be
transferred geitonogamously.
Mechanisms exist which help to avoid pollen transfer within both selfcompatible and self-incompatible plants and its associated fitness costs.
Geitonogamous pollen transfer can be reduced by the temporal and spatial separation
of male and female reproductive parts (dichogamy and herkogamy, respectively).
For example, protandry is a common form of dichogamy in which a flower opens
into the male stage and ages into the female stage. Although dichogamy and
herkogamy help prevent selfing within individual flowers, they do not prevent
geitonogamous pollen transfers in plants with many synchronously blooming flowers
where both male and female flowers occur on a plant at the same time (reviewed in
Hessing 1988).
The gradual, acropetalous (upward) opening of flowers within an
inflorescence and the presence of a nectar gradient also may reduce the potential for
geitonogamous pollination by encouraging bees to move in a single direction within
the inflorescence and leave without visiting all flowers. Pyke (1978b,c) suggested
that in plants with vertical, acropetalous inflorescences with protandrous flowers, the
upward movement of bees within inflorescences may promote outcrossing and
minimize the potential for geitonogamous pollination. Beginning foraging at the
bottom of the inflorescence, where older, receptive female flowers reside, and
moving upward to newly opened male flowers allows bees to deposit outcross pollen
from previous plants on the first females visited. As they ascend the inflorescence to
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male flowers, they accumulate pollen that may be deposited on female flowers of the
next inflorescence visited. A nectar gradient may serve to direct bees to forage in an
upward manner and to leave before visiting all male flowers, thereby reducing the
transfer of pollen within the inflorescence (Pyke 1978c, 1979).
Several studies document bees obeying the movement rules outlined by Pyke
(1978c, 1979), Corbet et al. (1981), Best and Bierzychudek (1982), Wolfe and
Barrett (1987), McKone et al. (1995), and Utelli and Roy (2000) by beginning at the
bottom of an inflorescence and foraging upward, following a nectar reward gradient,
and visiting fewer flowers than available. Upward foraging also has been described
on plants with no vertical reward gradient (Waddington and Heinrich 1979, Haynes
and Mesler 1984, Kadmon et al. 1991, Orth and Waddington 1997) suggesting that
the tendency to forage upward on vertical inflorescences is not necessarily tied to a
reward gradient and may be instinctual (Haynes and Mesler 1984). Such findings
also prompt a more critical examination of the notion that bees that obey the
proposed movement rules forage optimally.
While most studies have focused on bees foraging only for nectar, some have
demonstrated that pollen foragers also move upward on inflorescences (Haynes and
Mesler 1984, Galen and Plowright 1985, McKone et al. 1995). Pollen is not
renewable in the same sense as nectar (i.e., pollen is not continually produced
throughout the male stage as nectar may be in the life of a flower); therefore, it is
unclear that pollen foragers follow a pollen gradient.
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I examined the foraging behavior of the solitary, specialist bee Diadasia
nigrifrons Cresson (Hymenoptera: Apidae), and other insect foragers collecting
nectar or pollen on inflorescences of Sidalcea oregana ssp. oregana (Malvaceae).
My goals were to determine the arrival position and within-inflorescence behavior of
visitors to S. oregana, the effect of flower number on visitor response, compare the
behavior patterns of Diadasia bees and other insect visitors, and explore the potential
contributions of Diadasia bees to geitonogamous pollination in S. oregana
inflorescences. I expected Diadasia to be more efficient foragers and pollinators
than other insect visitors, because Diadasia specialize on S. oregana for pollen.
Specialist species are assumed to be more efficient foragers and pollinators than
generalists species on their preferred host(s) due to their close evolutionary
relationship with, and possible morphological and behavioral adaptations to, their
host. Several studies show that specialists are more efficient foragers than
generalists (Strickler 1979, Cane and Payne 1988, Laverty and Plowright 1988).
Additionally, generalist foragers may transfer fewer pollen grains than specialists, or
may lose pollen collected from one species during visits to other plant species.
Unlike most plants on which upward foraging has been documented, S.
oregana plants produce paniculate inflorescences rather than vertical spicate or
racemose inflorescences. Flowers of the latter types of inflorescences are produced
along a vertical main stem only, while flowers on panicles are produced both along a
main stem and along lateral branches creating a comparatively more 3 dimensional
floral display. Opening of the protandrous flowers on S. oregana inflorescences
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occurs acropetalously (bottom to top) within each branch of the panicle but
asynchronously between branches. Therefore, flower gender is only loosely
correlated with vertical position on the inflorescence, and older female flowers may
be present above younger male flowers.
I expected pollen-foraging Diadasia to maximize their resource intake by
arriving at the position on the inflorescence with the greatest reward, i.e. male
flowers, and to minimize visits to female flowers. Since the schedule of nectar
presentation was not quantified in this study, I do not attempt to predict the arrival
position/gender of nectar-foragers.

Both nectar and pollen-foragers should ( 1) be

more likely to visit inflorescences with greater flower number, (2) visit more flowers
as flower number increases, (3) spend more time on flowers that had not been
recently visited, (4) visit more flowers on inflorescences that had not been recently
visited, and (5) forage systematically by moving in a single, vertical direction within
the inflorescence to reduce flight time between flowers and flower revisitation. I
also examine the potential effect of Diadasia foraging behavior on geitonogamous
pollination in S. oregana.
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MATERIALS AND METHODS

Study Organisms

Sidalcea oregana ssp. oregana (Malvaceae) is an herbaceous, gynodioecious
perennial that inhabits river- and creek-side meadows in Utah, Idaho, and Wyoming.
Flowering extends from late June/early July to late July/early August. Plants
produce from one to many paniculate inflorescences. The flowers of female plants
contain functional ovaries and nonfunctional, vestigial anthers. Female plants were
uncommon at the field sites and were not used for this study. Flowers of
hermaphrodite plants are protandrous, self-compatible, and open continuously
throughout the day (Ashman and Stanton 1991 ). Flower opening proceeds from
bottom to top (acropetalous) within each branch of the panicle and can be
asynchronous among branches; therefore, older female-phase flowers can be present
above young male-phase flowers on the inflorescence. During the flowering seasons
reported in this study, plants possessed, on average, 3 inflorescences each with 3-8
open flowers.
Preliminary observations of flower development (maturation) showed that the
male flower phase lasts approximately 2-8 h, followed by a 0.5-1 h hermaphrodite
stage during which styles emerge while anthers complete dehiscence. This is
followed by a 1-5 h female phase (personal observations). Approximately 36
functional stamens are present in each flower in an outer ring and an inner ring.
While in the bud stage, stamens are reflexed, but once the flower opens, they become
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erect. Anthers in the outer ring dehisce first, a few at a time, and stamens in the
outer ring begin to reflex again exposing the inner ring of anthers. Dehiscence lasts
0.5-2 h for each ring. When the inner anthers begin to dehisce and reflex, 5-9 styles
begin to emerge marking the beginning of the hermaphrodite phase. After the styles
are fully exserted (0.5-1 h from emergence), the stigmas become receptive.
Throughout its range (western USA) Diadasia nigrifrons specializes on the
genus Sidalcea in the Malvaceae family. The emergence of Diadasia bees from their
nests occurs in late June/early July at the beginning of the S. oregana flowering
season. As far as is known, in Utah D. nigrifrons visits only S. oregana ssp. oregana
for pollen, though it may occasionally visit other species for nectar (Linsley and
MacSwain 1957, V. J. Tepedino personal communication). Females carry pollen
back to the nest on their hind legs and nectar in their crop to provision their eggs.
They nest frequently in dirt roads or on road-shoulders in bare, compact soil (Linsley
and MacSwain 1957, Schlising 1972, Neff et al. 1982, Ordway 1984). To construct
a nest, a female burrows into the soil, pushing soil out of the excavated tunnel and
often constructing a vertical turret, or chimney, around the entrance. The nest
consists of a main tunnel often with lateral tunnels terminating in cells. Each cell is
provisioned with a mixture of pollen and nectar, an egg is laid, and the cell is closed
off. Females typically provision two cells per day, and three to five cells per nest
before constructing a new nest. Nests are typically aggregated among other
Diadasia nests, but females are solitary nesters; each female constructs and
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provisions her own nest without the aid of other Diadasia bees and does not tend to
her progeny after the eggs are laid and the cells are sealed.

Study Sites

I conducted this study at two sites in Cache County, Utah. The Franklin
Basin (FB) site is located in a meadow adjacent to the Logan River, on Franklin
Basin Road 2.5 km from its junction with U.S. Hwy 89 in the Cache National
Forest. In addition to S. oregana ssp. oregana, other common flowering plant
species include: Delphinium spp. (larkspur), Solidago canadensis (goldenrod),

Mentha sp. (mint), Achillea millefoliurn (yarrow), and Populus tremuloides (quaking
aspen). The Faust site is located near the South Fork branch of the Little Bear River,
5 km south of Avon, UT on State Hwy 165 at the south end of Cache Valley. The
surrounding vegetation includes: Cynoglossum officinale (hound's tongue),

Verbascurn thapsus (mullein), Arternesia tridentata (big sagebrush), Geranium
viscosissimum (sticky geranium), lsatis tinctoria (dyer's woad), Achillea millefoliurn
(yarrow), Solidago canadensis (goldenrod), and Acer grandidentaturn (bigtooth
maple). S. oregana and D. nigrifrons are abundant at both sites.
Using line transect data I found that individual plants at each site were
located on average 3m apart, and inflorescences within a plant were located < Im
apart. The number of open flowers per plant ranged from 8-12.
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Methods

I observed the foraging movements of D. nigrifrons and other visitors to S.
oregana during 3 days in 1996 and 6 days in 1997 at two sites in Cache County,

Utah. During both years I collected data in July when S. oregana was in peak
bloom. In 1996 two observers each made separate observations at Faust on 19 July
and at FB on 17 July and 22 July. During 1997, one observer made observations at
Faust on 2, 8, and 10 July July and at FB on 26, 28, and 31 July. Observations were
made between 0900 and 1530 on each day. Diadasia bees did not visit S. oregana
flowers during observations made in 1997 at Faust on 10 July and at FB on 28 July.
I recorded the foraging movements of D. nigrifrons and other visitors to S.
oregana by observing an array of two to three inflorescences during four observation

periods each day in 1996 and five observation periods per day in 1997. At each site
the same array was used for all observation periods on a single day; a new array was
chosen the next observation day. I selected arrays that represented the characteristics
of the average plant (three inflorescences and 8-12 open flowers). Each observation
period lasted 1 h in 1996 and 0.5 h in 1997. I decreased the observation length in
1997 to obtain a greater temporal distinction between time periods throughout the
day. When two observers were present, each recorded movements on a separate
array of inflorescences; therefore, in 1996 each observation period on each day was
replicated.
Immediately before each observation period, the observer made a diagram of
the chosen inflorescences noting the position and sex of each flower. To avoid
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affecting flower visitors, the observer sat on the ground approximately 1.5m from the
patch. At this distance, bees had an unobstructed view of and access to the foraging
array. Observers detected no effect of their presence or the presence of the camera
(see below) on bee behavior.
Data recording began as each forager visited a flower in the pre-chosen array
and ended when the visitor left the patch. The observer recorded which of the
available flowers were visited by each bee, the sequence in which the flowers were
visited, arrival and departure positions (bottom, middle, or top section), and, using a
stopwatch, the total time spent foraging in the patch. Arrival and departure positions
were recorded only for inflorescences having three or more open flowers. Three
inflorescence sections were chosen by dividing individual inflorescences into thirds.
When flower number was not divisible by three, flower positions were chosen by
relative proximity to bottom-most and top-most flowers. For inflorescences with 4
open flowers or flowers distributed unevenly along a vertical axis, the observer
subjectively assigned flowers to a position.
In 1997, I improved data collection by using an 8mm video camera with a
running timer to observe bee movements. This afforded me greater accuracy in time
measurements and allowed me to measure the time each bee spent on individual
flowers in the array. The camera was set on a tripod approximately l.5m from the
array. The observer made a diagram and recorded the position and sex of each
flower before taping began. I transcribed the data in the lab.
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Other insect visitors to S. oregana flowers were initially identified while
foraging, collected once they left the array, and later identified in the lab.

Data Analysis

I used the Wilcoxon signed rank test, a nonparametric paired-sample t test, to
assess whether mean flower number on visited inflorescences was greater than that
on ignored inflorescences.

A nonparametric test was used because data were not

normally distributed.
To investigate the effects of several independent variables on bee behavior, I
used multiple logistic regression. Bee behavior was distributed in two categories: (1)
leave= visit one flower on the first inflorescence visited, then leave the area; (2) stay
= visit more than one flower on the first inflorescence visited and/or visit more than
one inflorescence in the array. Logistic regression relates the probability of an event
(here, whether bees stay or leave) to a set of explanatory variables using the
following model (Hosmer and Lemeshow 2000):

where n(x) =%of dependent variable(% stay), ~o = estimated intercept, ~ 1 =
estimated coefficient for time since previous visit, ~2 = estimated coefficient for first
flower foraging time, ~3 = estimated coefficient for flower number,
previous visit, x 2 = first flower foraging time,

X3

= flower number.

x1

= time since
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The logit transformation
ln

I

n(x)

l

[1-n(x)J

= ~o +

~1x1 + ~2x2 +~µ3

linearizes the model. The logit transformation is used because it is related to linear
regression and is linear in its parameters, may be continuous, and ranges from -00 to

+

00 ,

instead of from 0 to 1.
To determine whether bees showed a preference for a specific flower gender,

I calculated the selection index for each flower gender at each site-year (Savage
1931, Williams and Marshall 1938). The selection index is the ratio of the average
proportion of a single gender visited during an inflorescence visit to the proportion of
a single gender available on an inflorescence. Index values~ 1.0 indicate
preference, and values s 1.0 indicate avoidance. To eliminate the infinite range of
possible index values, I calculated the standardized ratio described by Manly et al.
(1993): the ratio of the selection index for a flower gender to the sum of all indices
for all three genders. Standardized ratio values~ 0.333 indicate relative preference,

=0.333

indicate no preference, ands 0.333 indicate relative avoidance. Indices are

specific to the study plants and study sites and indicate the average preference for
flowers visited by bees to the study plants during the observation periods.
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RESULTS

Flower Availability

Total number of flowers available on Sidalcea oregana inflorescences and
the pattern of their presentation differed among sites and years (Fig. 2). Generally,
inflorescences at Faust possessed more open flowers at all time periods than at FB
during 1996 and 1997. Flower availability at Faust decreased from morning to
afternoon and increased gradually throughout the day at FB. Inflorescences at FB
during 1997 possessed the fewest number of flowers of the four site-years.
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at both sites. Values are means± l sd. Sample sizes indicate the total number of
inflorescences in the foraging arrays.
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Inflorescences also differed throughout the day in their abundance of open
male and female flowers at four site years (Fig. 3). During both years, inflorescences
at Faust initially possessed more male flowers than at FB, but the number of males
decreased throughout the day, falling below FB during the last two time periods.
Except for the last two time periods at Faust-97, female flowers were always fewer
than male flowers on a per inflorescence basis (Fig. 3). The general patterns found
for male flowers also held for female flowers except that there were more females
per inflorescence at Faust-97 than at FB-97 for all sampling dates. In contrast to
Faust, the number of open female flowers per inflorescence differed little between
time periods at FB during both years. At Faust-96, female numbers decreased in the
late afternoon, while numbers increased in the afternoon at Faust-97.
On any given day two "categories" of flowers were evident: (1) those that
remain open from the previous day (almost always female); and (2) those that open
in the morning as male flowers and mature into females later in the day. Where
flowers in the second category predominate, gender availability patterns as at Faust97 are observed: during the last two time periods, the number of male flowers
declined and females flowers increased (Fig. 3). The pattern at Faust-96 was similar
except that female flowers closed and no new male flowers opened before the last
time period, resulting in an overall decrease in both male and female flowers.
Flowers in the third category were observed at FB during both years.
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Foraging Behavior

Inflorescence Choice
Within the foraging arrays, I observed 186 visits (from arrival to departure) to
individual S. oregana inflorescences made by 127 D. nigrifrons bees in 1996 and
218 visits made by 136 bees in 1997. Diadasia bees were more common in three of
the four site-years than other visitors (Fig. 4); Faust-96, where Diadasia constituted
only about 14% of all visits, was the exception.
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FIG. 4. Frequency of arrivals to Sidalcea oregana foraging arrays by Diadasia
nigrifrons and other insects. Sample sizes indicate the total number of arrivals to the
array.
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TABLE1. Number of visits by insects other than Diadasia nigrifrons to Sidalcea
oregana foraging arrays listed by family and field site. Subgenera shown in
parentheses.
Faust

Taxa

1996
Hymenoptera
An thophoridae
Melissodes sp.
Apidae
Apis mellifera
Bombus sp.
Halictidae
Halictus spp.
Lasioglossum (Dialictus) sp.
Lasioglossum ( Evylaeus) sp.
Megachilidae
Hoplitis fulgida
Osmia sp.
Miscellaneous
Coleoptera
Cleridae
Phlogistosternus dislocatus
Diptera
Bombyliidae
Paravilla sp.
Lepidoptera
Hesperiidae
Poanes taxiles

FB

1997

4

1996

2
6

5
8

14
11

2

l

30

2

6

20

4

3

4

8

Bees of seven other genera were observed visiting S. oregana foraging arrays
at three site-years (Table 1). Flower visitor diversity was greater at Faust in both
years and was greater at both sites in 1996 than in 1997. At Faust-96 the
predominant visitor was a solitary bee (Hoplitis fulgida). This bee was completely
absent from FB and uncommon at Faust-97. Flowers at Faust-96 were also visited
by a few non-hymenopteran foragers: a beetle (Cleridae), a bee-fly (Bombyliidae),
and a butterfly (Hesperiidae).

The diversity of insect visitors was lowest at FB-97

where only D. nigrifrons were observed visiting S. oregana foraging arrays. In
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1996, the predominant non-Diadasia visitor at FB was the honeybee (Apis

mellifera). I pooled infrequent and/or unidentified hymenopteran visitors into a
miscellaneous category. These visits were more substantial at Faust-96 than in the
other site-years.
For 130 (97%) of the Diadasia bees that visited the foraging arrays in 1997, I
was able to determine if bees were foraging for pollen or nectar by closely
examining their behavior on video. Pollen foragers actively collected pollen onto
their hind legs during flower visits; while, nectar foragers did not actively gather
pollen. Because it was difficult to distinguish between bees foraging only for pollen
and bees foraging for both pollen and nectar on visited flowers, the foraging category
"pollen foragers" includes both pollen-only and pollen-and-nectar foraging bees.
"Nectar foragers" foraged only for nectar at visited flowers. At Faust and FB,

Diadasia foraged for pollen in 52% and 25.5% of the observations, respectively, and
foraged exclusively for nectar in 48% and 74.5% of the observations, respectively
(Fig. 5).
When visiting the foraging arrays, most Diadasia bees did not visit all
available inflorescences (Fig. 6). When two inflorescences were available, bees
showed a strong tendency (> 65%) to visit only one of them, and there was little
variation among site-years. When three inflorescences were available, only about
50% of the bees visited only one inflorescence; thus a higher proportion of bees
visited > 1 inflorescence when three inflorescences were available compared to when
two were available.
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FIG. 5. The proportion of Diadasia bees that foraged for either pollen or nectar in
1997 at Faust and FB.

Some of the variation in exploitation of inflorescences by bees may be
explained by the variable number of open flowers they possess. Bees that visit only
a fraction of the available inflorescences may preferentially visit the inflorescence
with more open flowers. To test this hypothesis, I compared the mean number of
available flowers on the visited and ignored (unvisited) inflorescences when bees
visited one inflorescence in the array. For FB-96, where foraging arrays had both
two and three inflorescences available at different times, data were combined and
used in the analysis. When three inflorescences were available, availability on the
ignored inflorescences was determined by averaging the number of flowers on both
ignored inflorescences.
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TABLE2. Number of open flowers on Sidalcea oregana inflorescences visited by
Diadasia nigrifrons versus ignored inflorescences when only one inflorescence in
the array was visited. Asterisks within a row indicate significant difference
(Wilcoxon Signed Rank Test, p < 0.05).
Site
Faust-96
N = LO
FB-96
N=66
Faust-97
N= 58
FB-97
N=24

Number of flowers
on visited inflorescence
Mean
Range
(+ l sd)
7.00
6-8
(0.82)
4.58
2-7
( L.53)
4.66
3-9
( L.66)
3.08*
L-5
(0.24)

Number of flowers
on ignored inflorescence(s)
Mean
Range
(±1 sd)
6.50
6-8
(0.85)
4.45
3-6.5
(0.92)
4.90
3-9
(2.08)
2.48*
L.5-4.5
(0.79)

TABLE3. Ranks and z-values for wilcoxon signed-rank comparison of mean flower
number on visited versus ignored inflorescences.
Sum of Negative
Ranks

Sum of Positive
Ranks

z-value

Faust-96

-19.000

36.000

0.815

FB-96

-965.00

1246.0

0.894

Faust-97

-944.00

767.00

0.681

FB-97

-22.000

98.000

2.130

Site

The visited inflorescence possessed a greater number of flowers than ignored
inflorescences in three of the four site-years (Table 2), but only at FB-97 was the
result significant (Wilcoxon Signed Rank Test, p
z-values).

= 0.033,

see Table 3 for ranks and

Interestingly, ignored inflorescences at Faust-97 had more open flowers

than the visited inflorescence.

Although the result at FB-97 is significant, this small

difference of 0.60 open flowers between visited and ignored inflorescences is
unlikely to be biologically meaningful.
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TABLE4. Proportion of open male, hermaphrodite, and female flowers on Sidalcea
oregana inflorescences visited by Diadasia nigrifrons versus ignored inflorescences
when only one inflorescence in the array was visited.
Mean proportion of flowers on
visited inflorescence
(+1 sd)

Site

Faust-96
N = 10
FB-96
N =66
Faust-97
N = 58
FB-97
N=24

Mean proportion of flowers on
ignored inflorescence(s)
(+lsd)

Male

Hermaphrodite

Female

Male

Hermaphrodite

Female

33.27
(27.69)
61.71
(19.76)
74.27
(25.72)
70.69
(24.38)

32.68
(14.16)
4.25
( 11.96)
10.15
(23.30)
4.17
(12.04)

34.05
(l 7 .75)
34.04
(17.45)
15.58
(18.82)
25.14
(23.65)

34.88
(31.95)
57.41
(19.11)
67.03
(26.99)
69.61
( 10.34)

25.36
(22.85)
4.91
(9.56)
19.21
(28.43)
4.17
(8.5 L)

39.76
(12.19)
37.68
( 15.98)
13.76
(14.22)
26.22
(l 1.91)

While I found no consistent pattern between mean number of flowers
available and inflorescence choice, bees may choose to visit the inflorescence
possessing proportionally more male, female, or hermaphrodite flowers, depending
on the resource for which they are foraging (pollen or nectar). Analysis did not
support this hypothesis. Visited and ignored inflorescences possessed similar
proportions of male, female, and hermaphrodite flowers at all sites (Table 4,
Wilcoxon Signed Rank Test, p > 0.150 for all genders at all site-years, see Table 5
for ranks and z-values).
Although gender proportions were similar on visited and ignored
inflorescence(s), visited inflorescences possessed significantly fewer mean number
of hermaphrodite flowers than ignored inflorescences at Faust-97 (Table 6, Wilcoxon
Signed Rank Test, p < 0.025, see Table 7 for ranks and z-values). In contrast, visited
inflorescences possessed significantly more male flowers than ignored inflorescences
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at FB-97 (Wilcoxon Signed Rank Test, p < 0.038). Thus, no consistent pattern
between gender composition and inflorescence visitation was found.

TABLE5. Ranks and z-values for wilcoxon signed-rank comparison of proportion of
male, hermaQhrodite, and female flowers on visited versus ignored inflorescences.
Site

Faust-96

FB-96

Faust-97

FB-97

Sum of Negative
Ranks

Sum of Positive
Ranks

z-value

Male

-28.000

27.000

0.000

Hermaphrodite

-17.000

38.000

1.019

Female

-12.000

3.000

1.079

Male

-541.500

784.500

1.134

Hermaphrodite

-135.000

141.000

0.076

Female

-675.000

453.000

1.169

Male

-707.00

1004.000

l.146

Hermaphrodite

-302.000

163.000

l.419

Female

-812.000

899.000

0.333

Male

-90.000

100.000

0.793

Hermaphrodite

-17.000

19.000

0.070

Female

-105.500

84.500

0.402

Flower Gender

TABLE6. Number of male, hermaphrodite, and female flowers on Sidalcea oregana
inflorescences visited by Diadasia nigrifrons versus ignored inflorescences when
only one inflorescence in the array was visited. Asterisks within a row indicate
significant difference (Wilcoxon Signed Rank Test).
Site
Faust-96
N = 10
FB-96
N =66
Faust-97
N = 58
FB-97
N=24

Mean number of flowers on visited
inflorescence (+ l sd)
Male

Hermaphrodite

Female

2.30
( 1.83)
2.79
(1.10)
3.41
( 1.41)
2.13*
(0.78)

2.30
(0.95)
0.18
(0.52)
0.33*
(0.71)
0.13
(0.34)

2.40
(l.35)
1.61
(0.87)
0.91
( 1.22)
0.83
(0.70)

Mean number of flowers on ignored
inflorescence(s) (+ l sd)
Male

Hermaphrodite

Female

2.20

1.70
( 1.49)
0.22
(0.41)
0.76*
(l.08)
0.10
(0.21)

2.60
(0.97)
l.69
(0.10)
0.93
(l.l 1)
0.67
(0.35)

( l. 93)

2.54
(0.81)
3.21
( l.59)
1.71*
(0.57)
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TABLE7. Ranks and z-values for wilcoxon signed-rank comparison of number of
male, hermaehrodite, and female flowers on visited versus ignored inflorescences.
Site

Faust-96

FB-96

Faust-97

FB-97

Sum of Negative
Ranks

Sum of Positive
Ranks

z-value

Male

-6.000

9.000

0.270

Hermaphrodite

-3.000

12.000

l.079

Female

-33.000

22.000

0.510

Male

-855.500

1355.500

l.594

Hermaphrodite

-148.000

128.000

0.289

Female

-892.000

819.000

0.279

Male

-498.000

678.000

0.918

Hermaphrodite

-342.000

123.000

2.242

Female

-851.000

-744.500

0.432

Male

-49.000

161.000

2.072

Hermaphrodite

-15.000

21.000

0.350

Female

-62.000

91.000

0.663

Flower Gender

Response to Flower Number
Flower availability may affect bee foraging behavior within an inflorescence.
The more open flowers on an inflorescence, the more conspicuous the inflorescence
may be to foragers, the more flowers a bee can visit, and the more profitable the
inflorescence may be to visitors. Diadasia visited fewer than 38% of the open
flowers per inflorescence during both years, except at FB-97 where bees visited 57%
(Table 8). Similarly, other foragers visited< 38% of the available flowers per
inflorescence (Table 8). Diadasia responded to an increase in flower availability by
visiting a greater number but a smaller proportion of the available flowers (Fig. 7).
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TABLE8. Foraging characteristics of Diadasia nigrifrons and other insects on
Sidalcea oregana inflorescences growing at two sites near Logan, UT. Sample size
indicates number of inflorescence visits.
Number of flowers
visited Qer inflorescence
Mean
Range
(+ I sd)

Site
Diadasia
Faust-96
N=

19

FB-96
N = 167
Faust-97
N = l05
FB-97
N = 113
Others
Faust-96
N =93
FB-96
N = 16
Faust-97
N =40

1.84
(1.07)
1.54
(0.83)
1.38
(0.68)
1.48

(0.57)
1.73
(1.51)
1.44

(0.51)
1.28
(0.68)

Proportion of
flowers visited per
inflorescence

1-4

22.86

1-4

37.73

1-4

30.20

1-3

56.96

1-8

26.19

1-2

37.50

1-4

32.76

Mean foraging
time in
inflorescence
(± l sd)

Mean foraging
time per
flower
(± I sd)

6.49
(8.40)
3.11
(3.35)

4.72
(5.43)
2.13
(2.53)

15.85

12.40
(10.67)

(15.14)

Bees at FB-97 visited a greater number and proportion of flowers compared
to bees at the other site-years. Although inflorescences possessed multiple open
flowers, bees tended to visit fewer than two flowers per inflorescence in the array.
Bees also responded to increasing flower number by spending slightly more time
foraging per inflorescence at both sites but not per flower (Fig. 8). The time spent
foraging per flower showed no change in response to increasing flower number at
FB-97 and decreased at Faust-97. Bees at Faust spent more time foraging per
inflorescence and per flower than at FB, while other foragers spent 3 times longer
per flower than Diadasia (Table 8).
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I examined several factors that may influence whether a bee decides to forage
on other flowers in the array or leave the area in search of other flowers after visiting
a single flower. First, a bee may be more inclined to stay if it can maximize resource
intake and minimize search and/or flight time. Therefore, it may be more likely to
stay with increasing flower number. The amount of time a bee spends foraging on
the first flower visited in the array may indicate the amount of resources available
and may provide information regarding the quality of resources in the rest of the
array. For example, if another Diadasia bee recently visited the first flower
encountered (and potentially depleted the flower's resources), a bee may be directed
to leave the array in search of more plentiful resources. As a result, the likelihood of
remaining in the array may be positively related to the length of time spent on the
first visited flower. Bees may be more apt to stay in the area the longer it has been
since the first flower was visited. The proportion of Diadasia bees and other
foragers that leave vs. stay for all four site-years is listed in Table 9.

TABLE9. Proportion of Diadasia bees and other foragers that visit one flower and
leave the foraging array (% leave) or continue foraging on flowers within the array
(% stay) when more than one flower is available on the first inflorescence visited.
% leave array

% stay in array

Faust-96

52.6

47.4

FB-96

37.5

62.5

Faust-97

56.3

43.7

FB-97

29.4

70.6

Faust-96

71.4

28.6

FB-96

100

0

Faust-97

90.0

10.0

Site
Diadasia

Others

36
I used logistic regression analysis to determine the effect(s) of the above
factors on Diadasia behavior during 1997. In contrast to expectations, at Faust in
1997 (Fig. 9), bees were 7.7 times less likely to stay in the area for each additional 1
s they spent foraging on the first flower (95% confidence intervals: 1.2, 50, p =
0.03). They were also 3.2 times less likely to stay for each 1 s increase in the time
since previous visit (95% confidence intervals: 0.9, 12.5, p = 0.076). However, this
result is not significant. Bees were 2.1 times more likely to stay for each increase of
1 flower per inflorescence (95% confidence intervals: 1.2, 3.6, p = 0.006). All
regression coefficients, errors, and p-values are listed in Table 10.
A different pattern emerges at FB in 1997 (Fig. 9). Similar to Faust, bees at
FB were 33.3 times less likely to stay for each additional I s they spent on the first
flower visited (95% confidence intervals: 1.56, 100, p = 0.025), although the
precision for this estimate is low. In contrast to Faust, bees were 13.6 times more
likely to stay in the area for each additional I s increase in the time since the last bee
visit; again, the precision for this estimate is low (95% confidence intervals: 1. 1, 165,
p = 0.04). As flower number increases by 1, bees were 2.3 times less likely to stay
(95% confidence intervals: 0.8, 5.9, p = 0.091). These patterns are opposite of that at
Faust, but precision is so low that I cannot demonstrate a difference.
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FIG. 9. Estimated probability of Diadasia continuing to forage within the foraging

array after visiting one flower ("stay") at two sites in 1997. Change in probability
estimated for an increase of one second in first flower foraging time at three levels of
time passed since the last Diadasia visit for flower availability levels of (a) 2, (b) 4,
and (c) 6.
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10. Coefficients, errors, and p-values for logistic regression analysis of bee
behavior.

TABLE

Site

Variable

Coefficient

Standard Error

P-value

Constant

-0.50956

l.67541

0.7610

Time since last visit

-1.18424

0.66700

0.0758

I st flower foraging time

-2.02366

0.93257

0.0300

Flower number

0.73850

0.27077

0.0064

Constant

-1.32505

2.56059

-0.6048

Time since last visit

2.61210

1.27232

0.0404

I st flower foraging time

-3.47697

l.54857

0.0248

Flower number

-0.83453

0.49308

0.0906

Faust-97

FB-97

Arrival and Departure Patterns
Bees arriving at inflorescences with more than one flower must choose which
flower to visit first. Most studies of bee foraging behavior show that bees tend to
begin foraging at the bottom of an inflorescence and move upward. Upward
foraging often promotes outcrossing in plants having vertical inflorescences and
protandrous flowers that open from bottom to top (acropetalous) of the inflorescence,
but it also has been observed for bees foraging on other plant types (Kadmon et al.
1991, McKone et al. 1995). In addition, systematic foraging in a single direction is
proposed to reduce flight time between flowers and flower revisitation (Waddington
and Heinrich 1979, Best and Bierzychudek 1982).
S. oregana differs from most plants on which upward foraging has been
documented by producing paniculate, not vertical, inflorescences. Opening of the
protandrous flowers occurs acropetalously within each branch but asynchronously
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between branches within inflorescences. Thus, older female flowers may be present
above younger male flowers on the inflorescence. One way to examine the position
of flower genders within inflorescences is to note the gender of the first flower
visited by Diadasia bees that arrived at the top versus the bottom of the
inflorescence. Except for FB-97, bees began foraging on a pollen-presenting flower
regardless of where they arrived (Fig. 10), indicating that flower sex is only loosely
correlated with position on the inflorescence and that it is mostly pollen to which
these bees are attracted.
Rather than arrive at the bottom and forage upward, Diadasia may pay less
attention to position on S. oregana inflorescences where no tight correlation between
flower position and flower gender exists, visiting inflorescence sections with equal
frequency. To test this, I examined the arrival positions of visitors to inflorescences
with 3 or more open flowers. Inflorescences with a minimum of three flowers were
chosen to ensure that bees had a distinguishable choice of flowers on which to arrive.

Diadasia that visited one flower per inflorescence tended to arrive equally at the top
and bottom sections of the inflorescence in 1996 but arrive more often at the top
section of the inflorescence in 1997 (>69%, Fig. 1la). Other S. oregana visitors also
tended to arrive at the top and bottom sections with equal frequency at all sites
except Faust-97 (Fig. 1lb). Patterns did not differ for pollen and nectar foragers
when bees were divided by foraging type (Fig. l lc,d).
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•FIG. .11. Proportion of single flower visit arrivals to the bottom, middle, and top
sections of S. oregana inflorescences by (a) all Diadasia nigrifrons, (b) other insects,
(c) pollen foraging Diadasia, and (d) nectar foraging Diadasia.

When insects visited multiple flowers per inflorescence, Diadasia arrived at
the top and bottom sections with equal frequency with the possible exception of
Faust-96 (Fig. 12a). Other visitors also split their arrivals between bottom and top,
except for Faust-96 where many arrived at the intermediate position (Fig. 12b).
Pollen and nectar foraging Diadasia both showed a slight preference for arriving at
the bottom at FB-97 (Figs. 12c,d). In contrast, pollen foragers at Faust-97 favored
arriving at the top, while nectar foragers arrived at the bottom and intermediate
position with equal frequency.
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(c) pollen foraging Diadasia, and (d) nectar foraging Diadasia.

To better understand the movement patterns of multiple flower visitors, I
examined their departure positions. Departure patterns for both Diadasia and other
visitors that visited multiple flowers per inflorescence varied between sites, but

Diadasia departures tended to follow arrival patterns for multiple flower visitors: the
inflorescence section that received a greater frequency of arrivals also tended to
receive more departures (Fig. 13a,b). Faust-96 is the exception; a majority of the

Diadasia arrivals were to the bottom, while most departures were from the top. This
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is also the site-year with the lowest proportion of Diadasia visits. Other foragers
showed no clear relationship between their arrival and departure positions. Pollen
foraging Diadasia tended to depart from the top of the inflorescence, while nectar
foragers departed from the top at Faust-97 and the bottom at FB-97 (Fig. 13c,d). I
found no consistent relationship between arrival and departure positions for pollen
and nectar foragers.
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FrG. 13. Proportion of multiple flower visit departures from the bottom, middle, and
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insects, (c) pollen foraging Diadasia, and (d) nectar foraging Diadasia.
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Within-inflorescence Movement Patterns
During foraging, Diadasia moved both upward and downward on
inflorescences.

Although bees showed no tendency to favor arriving at the bottom or

top of the inflorescence, as mentioned previously (Fig. 12a), most multi-flower
visiting bees that arrived at the bottom moved upward and departed from the top of
the inflorescence (Fig. 14). The exception is FB-97 where 80% of the bees were
nectar foragers that tended to arrive at and depart from the bottom. Likewise, most
bees that arrived at the top departed from the bottom moving downward on the
inflorescence, except at Faust-97 where most pollen and nectar foragers departed
from the top (Fig. 14). Much of this is expected, because the direction of movement
is constrained by arrival position (i.e. those that arrive at the top and visit more than
one flower can only move down).
The proportion of bees that revisited 1 or more flowers during multiple
flower inflorescence visits was low (< 3.2%) at all sites, and all bees revisited an
average of ~0.05 flowers per inflorescence.

Bees did not revisit flowers at Faust-96.

Because S. oregana flower gender is only loosely correlated with
inflorescence position, understanding the arrival/departure
upward/downward

patterns and tendency for

movements of D. nigrifrons sheds light on their foraging behavior

but offers little regarding their contributions to geitonogamy and outcrossing.
Investigating the sequence in which bees visit S. oregana flower genders can provide
insight into their potential contributions to pollen movement.

When both male and

female flowers were available on visited inflorescences, bees that arrived at a male
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flower tended to continue foraging on male flowers ("same sex," except at FB-97),
while bees that started on a female flower tended to "switch sex" to a male flower
(Fig. 15). This pattern is not surprising, because except for Faust-96, male flowers
were always available in greater numbers than hermaphrodite or female flowers
(Table 11). The predominance of visits to male flowers likely helps to minimize
geitonogamy by reducing movement of self pollen from male to female flowers.
Less than 20% of all visits and l 0% of multiple flower visits were from male to
female flowers (Fig. 16); therefore the likelihood of geitonogamous pollen transfer
under these conditions is low.
Other foragers tended not to visit both male and female flowers on the same
inflorescence; therefore, sample sizes are too small to report. However, unlike

Diadasia, other foragers did frequent hermaphrodite flowers. Hermaphrodite
flowers possess some pollen which visitors may transfer to other flowers, although
less than flowers in the male stage. When I included movements from
hermaphrodite flowers to female flowers as potential events for moving self pollen
within the inflorescence, the potential for geitonogamous pollen transfer by other
foragers was less than 34% for all visits and < 27% for multiple flower visits at 3
site-years (Fig. 17). The results for Diadasia showed little change.
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TABLE 11. Selection indices for Diadasia visitation
flower genders at two sites during two ~ears.

Site

Proportion of
gender
available

Flower gender

to the three Sidalcea oregana

Proportion of
gender in visits

Selection
index•

(a;)

(w; = (o/p;))

(p;)

Standardized
selection
indexb
(B; = w/sum
w;)

Male

0.310

0.474

1.529

0.482

Hermaphrodite

0.296

0.364

1.229

0.388

Female

0.394

0.162

0.411

0.130

Male

0.606

0.788

1.300

0.502

Hermaphrodite

0.031

0.024

0.770

0.298

Female

0.363

0.188

0.520

0.200

Male

0.730

0.800

1.100

0.414

Hermaphrodite

0.099

0.090

0.910

0.344

Female

0.171

0.110

0.640

0.242

Male

0.750

0.802

1.070

0.393

Hermaphrodite

0.041

0.036

0.880

0.323

Female
0.209
0.161
0.773
•selection indices above 1.0 indicate preference.
bStandardized selection indices above 0.333 indicate relative preference.

0.284

Faust-96

FB-96

Faust-97

FB-97

Gender Preferences
As previously
bee on individual

mentioned,

inflorescences

11 ); while the most common

the majority of flowers visited by each Diadasia
were male(>

75% at all sites except Faust-96,

non-Diadasia visitors, Hoplitis fulgida and Ha/ictus

spp., spent most of their time visiting hermaphrodite
male flowers at Faust-97

flowers at Faust-96

(> 42%) and

(> 48%, Table 12). Insects may show a preference

specific flower genders depending
nectar) and/or the proportion

Table

on the resource

for

they are foraging for (pollen or

of each gender on inflorescences.
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FIG. 17. Proportion of visits from male or hermaphrodite flowers to female flowers

(potential geitonogamy) versus female or hermaphrodite flowers to male flowers
(potential outcrossing) for other foragers and Diadasia bees during (a) all Diadasia
inflorescence visits, and (b) visits to multiple flowers per inflorescence.

Selection indices and standardized selection indices for each flower gender
indicate that Diadasia apparently prefer to visit male flowers during inflorescence
visits and avoid visiting female flowers (Table 11). In 1996 results at both sites are
more pronounced; a> 16% difference exists between the proportion of male flowers
in bee visits and the proportion of male flowers available. During 1997, indices for
the three flower genders are all relatively close in value indicating a shift toward
increased usage of female flowers. Indices indicate that other foragers, Hoplitis
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fulgida and Halictus spp., have an apparent preference for female and hermaphrodite
flowers in 1996 and hermaphrodite flowers in 1997 (Table 12). The results for these
bees are generally less pronounced than for Diadasia, the difference between the
proportion of each gender visited and the proportion available being< 9%.
Table 13 shows the results for Diadasia separated by foraging type: pollen or
foragers. Pollen foragers tend to avoid female flowers and show preference for both
male and hermaphrodite flowers, while nectar foragers show a slight preference for
male and female flowers and a slight avoidance of hermaphrodite flowers. Index
values for each flower sex are similar between sites and dates (i.e., different plants);
therefore, it is reasonable to assume that indices will be similar for the entire
population given similar plant and flower parameters.

TABLE 12. Selection indices for visitation by other insects, Hoplitis fulgida and
Halictus spp., to the three Sidalcea oregana flower genders at two sites during two
ears.
Standardized
selection
indexb
(B; = w/sum

Proportion of
gender
available

Proportion of
gender in
visits

(p;)

(o;)

Selection
index•
(w; = (o/p;))

Male

0.270

0.219

0.810

0.273

Hermaphrodite

0.421

0.428

l.017

0.342

Female

0.309

0.353

1.143

0.385

Male

0.527

0.484

0.919

0.289

Hermaphrodite

0.204

0.292

l.429

0.449

Female
0.269
0.224
0.833
"Selection indices above 1.0 indicate preference.
bStandardized selection indices above 0.333 indicate relative preference.

0.262

Site

Faust-96

Faust-97

Flower gender

w;)
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TABLE 13. Selection indices for Diadasia visitation by foraging type to the three
Sidalcea oreg_ana flower ~enders at two sites during 1997.
Foraging
type

Site

Flower gender

Proportion
available
(p;)

Faust
Pollen
foragers
FB

Faust
Nectar
foragers
FB

Proportion
of gender in
visits
(a;)

Selection
index•
(w; = (o/p;))

Standardized
selection
indexb
(B; = w/sum
W;)

Male

0.732

0.871

l.189

0.480

Hermaphrodite

0.088

0.098

1.112

0.449

Female

0.178

0.031

0.174

0.070

Male

0.754

0.908

1.204

0.440

Hermaphrodite

0.038

0.050

1.333

0.487

Female

0.208

0.042

0.200

0.073

Male

0.717

0.739

1.031

0.365

Hermaphrodite

0.122

0.089

0.727

0.257

Female

0.161

0.172

1.068

0.378

Male

0.722

0.740

1.025

0.372

Hermaphrodite

0.037

0.028

0.769

0.279

0.961

0.349

Female
0.242
0.232
•selection indices above 1.0 indicate preference.
bStandardized selection indices above 0.333 indicate relative preference.

Flowers Visited per Foraging Trip
To examine the number of flowers bees might visit per foraging trip I used
data on the amount of time 11 female D. nigrifrons spent on single round-trip pollen
foraging bouts at FB during 1997. Females spent from 4.2 - 17 .1 min away from the
nest gathering pollen, and 1.2 - 2.1 min inside the nest provisioning. These times are
similar to those observed for D. ajj7.icta (Neff et al. 1982), D. opuntia (Ordway
1984), D. bituberculata (Schlising 1972) and D. nigrifrons (Youssef and Bohart,
unpublished data). To estimate the number of flowers visited per trip, I first
calculated the mean time spent collecting pollen by taking the mean time per pollen
foraging trip and subtracting an estimate of flight time from the nest and an estimate
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of resting time. I estimated it took bees 20 s round-trip to fly to the nearest flower
site (5-10 m) at FB in 1997. From the foraging data, bees appeared to spend little
time resting while foraging within an array but may spend time resting between
arrays. Therefore, I made a conservative estimate of 10 s for rest time during a
single foraging trip. I then divided the mean pollen foraging time per trip by the sum
of the mean foraging time per flower (pollen foraging bees at FB in 1997: 4.0 s) and
an estimate of the time spent moving from one flower to the next (2 s) calculated
from the FB-97 foraging data. According to this calculation, I estimated that females
foraging for pollen visited 50 - 150 S. oregana flowers during a single foraging trip,
depending on their foraging rate.
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DISCUSSION

The reproductive success of animals depends on their ability to perform many
tasks, such as feeding, mating, and avoiding predators. These tasks have associated
costs and benefits which are best met by those individuals that make the most
effective use of their time and effort. Among the most important of these tasks is the
acquisition of food. Bees, unlike most insects, provide food for their progeny, and
the more efficiently they are able to do so, the more (or larger) offspring they can
produce.
What behaviors should efficiently foraging bees exhibit, particularly those
that are specialized on certain plant taxa? I expected Diadasia nigrifrons to (1) be
more likely to visit inflorescences that had greater numbers of flowers, (2) visit more
flowers on larger inflorescences, (3) spend more time foraging on flowers that had
not been recently visited, (4) visit more flowers on inflorescences that had not been
recently visited, and (5) forage in one direction within inflorescences to reduce interflower foraging time and flower revisits.
My data on D. nigrifrons foraging on its preferred host plant, S. oregana,
provide little support for optimal foraging theory as it is traditionally presented.
First, S. oregana inflorescences visited by Diadasia did not differ from ignored
inflorescences in either flower number or gender composition.

At all sites, Diadasia

tended to visit a single flower on one of the available inflorescences in the foraging
arrays and then leave. Therefore, Diadasia do not appear to be choosing
inflorescences based on flower number. In contrast, some other studies have found
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that bees are generally more attracted to inflorescences with more flowers. For
example, Klinkhamer and de Jong (1990) found that the number of approaches by
bumble bees (Bombus spp.) to Echium vulgare inflorescences increased with flower
number. Duffield et al. (1993) found that Lavandula stoechas inflorescences visited
by honey bees (Apis mellifera) had more open flowers than inflorescences the bees
rejected or ignored. Why don't Diadasia behave similarly?
Within the sample of Sidalcea inflorescences that I chose to observe, the
number of flowers per inflorescence did not appear to play an important role in the
foraging choices of Diadasia bees. The difference in flower number between visited
and ignored inflorescences was, in all but one comparison, insignificant. On
average, visited inflorescences had only 0.60 more flowers than ignored
inflorescences in three site-years; at Faust-97, ignored inflorescences unexpectedly
had more open flowers than did visited inflorescences. These results suggest that

Diadasia bees are unable to distinguish between inflorescences that are so similar in
flower number. Additionally, bees may view the array as a single target and may
make foraging decisions based on the characteristics of the array rather than those of
individual inflorescences.

Future studies seeking to examine the relationship

between display size and visitation rates should include a wider range of flowers per
inflorescence than were examined here where I tried to standardize this variable for
other purposes.
While the number flowers per inflorescence did not appear to play an
important role in inflorescence choice, it did influence Diadasia behavior within
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individual inflorescences.

As with studies of other bee species (Wolfe and Barrett

1987, Hessing 1988, Schmid-Hempel and Speiser 1988, Klinkhamer and de Jong
1990, Robertson and Macnair 1995, Vrieling et al. 1999), as flower number
increased, Diadasia visited more flowers per inflorescence thereby potentially
enhancing their rate of energy intake and minimizing travel time. Although bees
visited more flowers on larger inflorescences, they visited a declining proportion of
available flowers per inflorescence. This result also is not uncommon in bee
foraging studies (Klinkhamer et al. 1989, Klinkhamer and de Jong 1990, Eckhart
1992, Robertson and Macnair 1995) and has been the subject of much discussion.
Plant density is often cited as a possible reason for this behavior.
Plant density may influence the proportion of flowers Diadasia visited in an
inflorescence (Heinrich 1979, Cresswell 1997). When plant density is high, the
energetic cost of moving between plants should be relatively low. When high
density is coupled with numerous flowers, the risk of flower revisitation is relatively
high. Under conditions of high plant density and abundant flowers, Diadasia
movement might be explained by a model developed by Ohashi and Y ahara ( 1999):
individual foragers minimize high-cost flower revisitations within the array by
substituting low-cost movements to neighboring arrays after visiting only one flower.
It seems reasonable that the risk of flower revisitation might be high on S. oregana
panicles, because flower arrangement is complex and bees may be unable to
remember the flowers they visit. However, Diadasia movements tended to be
unidirectional within inflorescences, reducing the chances of flower revisitation.
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Additionally, it seems likely that the cost of moving between arrays located at least 3
m apart would be high relative to a short upward or downward move within an array.
On average Diadasia visited< 2 flowers per inflorescence and per array. Based on
the low risk of flower revisitation and comparatively high-cost of between-array
movements, Diadasia could forage more efficiently by visiting more flowers before
leaving the array. Therefore, the model by Ohashi and Yahara is an unlikely
explanation for the Diadasia behavior observed. I return to this topic below.
While, from a distance bees seem unable to distinguish between
inflorescences on the basis of flower number, other cues may help them to estimate
the likelihood that continuing to forage on an inflorescence will be rewarding once
that inflorescence has been chosen (Pyke 1978b, Heinrich 1979, Pleasants and
Zimmerman 1979, Dreisig 1985). These include: (1) flower number, and (2) flower
reward as estimated by the amount of time a bee forages on the first flower visited.
Many-flowered inflorescences potentially have greater rewards than few-flowered
inflorescences. Therefore, it is not surprising that bees tend to visit more flowers on
larger inflorescences (Wolfe and Barrett 1987, Schmid-Hempel and Speiser 1988,
Robertson and Macnair 1995). Since the amount of time spent on a flower is
correlated with the amount of resource available in that flower (Hodges and Wolf
1981, Thomson 1986), and rewarding flowers tend to be clumped (Pleasants and
Zimmerman 1979), one would expect bees that forage longer on a flower to be more
likely to visit more nearby flowers. Similarly, since the amount of time since a
flower was visited is correlated with reward level (Sowig 1989, Kadmon and Shrnida
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1992), bees should visit more nearby flowers after foraging on a flower that had not
been recently visited.
The response of bees to these cues was inconsistent. Logistic regression of
the 1997 data revealed that, at both sites, bees that foraged longer on the first flower
were less likely to stay in the array than bees that spent less time foraging. Bees
differed between sites in their response to time elapsed since the last bee visit: the
more time elapsed since the last bee visit, the more likely a bee was to stay in the
array at FB, but not at Faust. Conversely, the probability of staying in the array
increased with flower number at Faust, but not at FB. Thus, I found no convincing
evidence that reward availability explains Diadasia movements within and between
aLTays.
Why do Diadasia not visit more flowers on an inflorescence? I offer the
following hypotheses: (1) bees are unable to detect reward levels, (2) the number of
flowers per inflorescence with adequate resources is low, (3) reward levels between
flowers either are not related and therefore are not predictable, or are inversely
related, (4) bees need to visit only a few flowers per foraging trip, and (5) bee
behavior reflects the risk of predation. I discuss these hypotheses below.
My data are consistent with the hypothesis that Diadasia are unable to
determine reward availability within individual flowers. Other studies are
inconclusive, but some have found that bees can discriminate among flowers having
different reward qualities and adjust their subsequent foraging behavior accordingly.
Bumblebees foraging on Trifolium repens flower heads tended to forage on
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previously unvisited (nectar-full) heads and reject previously visited (nectardepleted) heads (Heinrich 1979). Bees tended to decrease their flight distances and
increase their frequency of turning to concentrate foraging in resource rich areas.
Other studies support these results for both bumblebees (Keasar et al. 1996,
Robertson et al. 1999) and honeybees (Waddington 1980, Duffield et al. 1993).
Buchmann and Cane ( 1989) extended these findings by showing that pollenharvesting Bomhus and Ptiloglossa bees modified their foraging behavior on flowers
with pollen. However, Hodges and Miller ( 1981) determined that bumblebees
foraging for pollen on Aquilegia caerulea could not accurately monitor the amount
of pollen collected per flower and were equally likely to leave an inflorescence
regardless of the reward obtained. Bees may be better able to accurately monitor
nectar intake, because unlike pollen, foraging bees ingest nectar. As with the pollen
foraging bumblebees (Hodges and Miller 1981), Diadasia commonly left an array
after one flower visit regardless of the amount of time spent on the first flower, the
time elapsed since that flower was visited, or the number of open flowers available,
suggesting either that they are not able to detect reward availability or they ignore it.

If the former were true, we would still be left with the question of why they visit so
few flowers. The latter explanation may be more reasonable.
Although apparently unresponsive to differences in reward availability,

Diadasia bees did sometimes discriminate among some flower genders. As
expected, pollen-foraging Diadasia showed a preference for pollen-presenting
flowers, visiting them in excess of their availability. Nectar foragers foraged
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indiscriminately from both male and female flowers, possibly indicating equal
availability of nectar between the two gender phases. The seeming avoidance of
functionally hermaphrodite flowers by nectar foragers may be due to the low
availability of hermaphrodites in the population rather than differences in nectar
availability. Other studies have also revealed that bees exhibit preferences for
certain flower characteristics. Honeybees and bumblebees foraging on Impatiens

capensis showed a partial preference for male flowers as a result of their higher
nectar content (Bell et al. 1984 ). Conversely, honeybees preferentially visited
lavender flowers (Lavandula stoechas) having wider corollas (Gonzalez et al. 1995).
That Diadasia show enhanced discriminatory abilities for flower stages presenting
their desired resource is not surprising, because as specialists, they have shared a
close evolutionary relationship with their preferred host. Yet, bees may have used
morphological cues without assessing reward availability to discriminate among
flower genders. Therefore, the possibilities remain that bees either do not detect
nectar and pollen levels or ignore them.
Rather than not detect reward availability, Diadasia may visit few flowers in
response to declines in resource levels as they move up or down an inflorescence
(Pyke l 978a,b,c, 1979). If a resource gradient exists, bees should consistently arrive
at the flower position containing the greatest reward and forage in one direction.

Diadasia did not behave in this manner. Rather, they were inconsistent in their
arrival positions and moved both up and down on the inflorescence arguing against
any possible resource gradient. Further, it seems unlikely that they would decide to
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leave the array after sampling resources in so few flowers(< 2 on average).
Therefore, the presence of a resource gradient is not a likely explanation for their
behavior.

Diadasia may visit a fraction of flowers per inflorescence if the number of
nectar and pollen rich flowers on an inflorescence is low and bees are able to detect
high-resource flowers. S. oregana produces relatively few flowers per inflorescence,
an average of< 6 flowers, most of which are in the male phase (Fig. 3). At any one
time the number of male flowers with available pollen may be low. For example, on
an inflorescence with six open flowers, only three to four may be male and only one
or two may have adequate pollen for a foraging bee due to depletion from visitation
and/or inter-flower variability in pollen production and anther dehiscence. Therefore
pollen foragers may forage more efficiently by leaving after visiting one to two
flowers. In addition, nectar standing crops in S. oregana ssp. oregana flowers are
probably low. A study on nectar production (Ashman and Stanton 1991) reported
that flowers of the related S. oregana ssp. spicata produced "minute amounts of
extremely viscous nectar." In a 24h period, Ashman and Stanton also found high
inter-flower variability in sugar production. Therefore, insects foraging for pollen or
nectar may find it difficult to locate more than one or two flowers containing
adequate resources on an inflorescence. Feinsinger ( 1978) described this as a
"bonanza-blank" reward schedule where flowers that contain abundant resources
("bonanzas") are dispersed among many flowers containing few resources
("blanks").
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How might foraging bees detect differences in reward availability among
flowers? It is possible that bees directly assess reward differences using visual cues
and locate the "bonanzas" among the "blanks" without landing on a flower. Sidalcea
nectar is fluorescent in visible light and appears blue under ultraviolet radiation
(Ashman and Stanton 1991) potentially creating a contrast between nectar and the
rest of the flower; therefore, Sidalcea nectar may be visible to foraging Diadasia as
is the nectar of other plant species to other bees (Thorp et al. 1975, Kevan 1978).
Some floral structures of other species in the Malvaceae family have been
shown to reflect UV light (Guldberg and Atstatt 1975, Menzel 1990), and bees are
able to discriminate UV color patterns (Menzel and Backhaus 1991 ). Additionally,
S. oregana pollen may be readily visible to bees due to the open structure of the

flowers, and pollen-foraging bees preferentially visited pollen-presenting flowers
indicating they may detect pollen availability. During inter-array flower visits, all
bees appeared to fly in a skittish, but somewhat arced path between flowers rather
than in a straight-line (personal observation). This suggests that bees may
investigate open flowers before landing on only the "bonanzas." If so, their behavior
may not be in conflict with optimal foraging theory, but additional studies of the
reward schedule presented by S. oregana and the response of Diadasia to reward
quantity and quality are needed to address this issue.
The decreasing likelihood of Diadasia staying in a foraging array after the
first flower visit may reflect the lack of correlation between resources within
neighboring flowers. Harder (1990) found that pollen-foraging bumblebees were as
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likely to visit a second Dodecatheon flower after first visiting an empty flower as
they were after first visiting a full flower. Pollen availability varied independently
among neighboring Dodecatheon plants; therefore, he suggested that bumblebees did
not respond to reward availability in a single flower because the reward found in one
flower provided little information about surrounding flowers. Reasons that reward
levels may not be related between flowers on the same inflorescence include
differences in resource productivity among flowers (Feinsinger 1978) and erratic
visitation by other foragers (Zimmerman 1981, Waser and Mitchell 1990). If
resources among neighboring S. oregana flowers are not correlated, it is obvious that

Diadasia might not benefit by remaining in the array after visiting a rewarding
flower. However, unless they can detect resource-rich flowers they would not
necessarily increase their chances of success by flying farther and they would incur
additional flight costs. Only when bees can predict below-average resource levels in
the neighborhood should they leave the array after visiting a single flower.
Therefore, a lack of correlation in reward levels between flowers in an area is not, by
itself, an adequate explanation for the behavior of Diadasia, but it requires bees to
detect and visit only rewarding flowers.
Another possible explanation for the frequency of Diadasia movement is that
they gather a full load of resources per foraging trip from relatively few flowers and
suffer little from the presumably higher costs of flying between relatively distant
inflorescences. I estimated that females foraging for pollen visited 50 - 150 S.

oregana flowers during a single foraging trip, depending on their foraging rate (see
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below). Youssef and Bohart (unpublished data) found that D. nigrifrons foraging on

S. oregana plants near the FB site spent an average of 3.9 - 10.9 minutes per pollen
foraging trip and 0.9 - 7.6 minutes depositing pollen in the nest. This supports my
estimate that D. nigrifrons probably visit many flowers per pollen foraging trip
before returning to provision the nest. Thus, the hypothesis that flight costs for

Diadasia are minimal because they visit few flowers per foraging bout is not
supported. To enhance their efficiency, Diadasia should minimjze the cost of flying
between the many flowers they visit by visiting more flowers per inflorescence and
more inflorescences in an array.

Diadasia foraging behavior also may reflect responses to enemies such as
predators and parasites. Many insects must balance foraging efficiency and the risk
of predation (Morse 1986, Lima and Dill 1990), and specialization may itself be
driven by risks imposed by natural enemies (Bernays 2001). Studies on the nesting
behavior of Diadasia spp. report the presence of bombyliid flies, nest parasites that
lay their eggs at the opening of Diadasia nests (Linsley and MacSwain 1957, Neff et
al. 1982, Ordway 1984 ). Bee flies, as bombyliids are commonly known, were seen
at S. oregana flowers at Faust, possibly waiting to follow bees back to the nest.
Ordway (1984) observed bee flies closely following foraging Diadasia opuntiae (15
- 20 cm) back to their nests, and bees passed their nest entrances several times
before quickly darting inside. The risks of detection and predation by enemies such
as bee flies, may select for Diadasia bees that visit one or two flowers on an
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inflorescence and move immediately and directly away from that patch to avoid
detection.
Other enemies of Diadasia pose different threats. For example, the larvae of
rhipiphorid beetles attack Diadasia larvae (Linsley and MacSwain 1957, Ordway
1984 ). Female rhipiphorids oviposit in Mal vaceae flower buds where the eggs hatch.
Once a bee lands, the beetle larva attaches itself to the adult bee and travels back to
the nest where it finds a bee egg and feeds on the hatched larva. For sit-and-wait
predators, such as rhipiphorids, bees may avoid predation by spending little time per
flower. In this sense, the speed and predictability with which Diadasia gathers
resources may be critical for enemy avoidance as well as for securing resources that
may be limited and/or obtained by competitors. Predation pressures may be
important and should be examined along with energetic constraints when analyzing
the foraging efficiency of Diadasia (Bernays and Wcislo 1994).

Diadasia did not conform to the typical behavior of bees foraging on vertical
inflorescences: contrary to expectations, they did not invariably forage from bottom
to top. Rather, individuals that visited a single flower tended to arrive equally at the
top and bottom of the inflorescence in l 996 and to the top in 1997. When bees
visited multiple flowers per inflorescence, they tended to arrive at the top and bottom
sections with equal frequency, with the exception of Faust-96 where the 9 arrivals
tended to be at the top. The lack of correlation between flower gender and vertical
position on S. oregana inflorescences may encourage their position-independent
foraging: bees may be responding more to flower gender. After alighting on the
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inflorescence, they did not exhibit a strict bottom-to-top or top-to-bottom foraging
pattern, also contrary to typical behavior.
A bee's arrival position on an inflorescence may depend on its position of
departure from the last inflorescence visited. Studies have shown that honeybees
tend to maintain the same foraging height and tend to forage between inflorescences
of similar height (Levin and Kerster 1973, Faulkner 1976), and this may also be true
for other bees. If Diadasia tend to maintain the same foraging height when flying
between inflorescences, a bee departing from the top of a relatively short
inflorescence may arrive at the bottom of a comparatively taller inflorescence;
therefore, foraging height may constrain arrival and departure positions. This
behavior would minimize energy demanding vertical flights (Levin and Kerster
1973) and promote outcrossing among plants of dissimilar heights, maintaining
diverse height phenotypes within a plant population (if height differences are due to
plant genetics and not an effect of micro-climate).

Conversely, bees foraging on

inflorescences of similar height might visit only a subset of available inflorescences
and start at the top of the inflorescence.

In this case, matings of plants with similar

heights (e.g., tall - tall and short - short individuals) might be more predominant
than matings between plants of dissimilar heights, potentially leading to an increase
in the extreme phenotypic expressions (if height is solely under genetic control) in
the population. S. oregana inflorescences were heterogeneous in height during all
four site-years, ranging from 55 - 150 cm tall; therefore, it is unlikely that individual

Diadasia forage only among plants of similar heights. Further studies are necessary
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to determine the importance of departure position and inflorescence height on bee
foraging behavior and the consequences of their behavior on bee and plant fitness.
The behavior of other insects foraging on S. oregana flowers was similar to
that of Diadasia. Insects other than Diadasia bees also visited few flowers per
inflorescence; > 71 % visited a single flower on an inflorescence and left the foraging
array. This percentage is greater than the percentage of Diadasia that exhibited the
same behavior (<54% ). Conversely, the duration of non-Diadasia flower visits was
three times longer per flower than Diadasia visits. Flower foraging time may reflect
the efficiency and/or energetics of the foragers (Heinrich 1975, Hodges 1985a,b ).
Several studies report evidence that specialists are more efficient foragers on their
preferred host than generalists (Strickler 1979, Cane and Payne 1988, Laverty and
Plowright 1988). D. nigrifrons is a specialist on S. oregana flowers and may have
faster handling rates on S. oregana flowers than generalist foragers who visit many
flower types. With respect to arrival and departure position, others also behaved
similarly to Diadasia, possibly because their arrivals and departures were affected by
the same factors as Diadasia.

Diadasia foraging behavior appears to promote outcrossing in S. oregana
plants in at least two ways: by decreasing the likelihood of within-plant pollen
transfer from male to female flowers (i.e., geitonogamy), and by increasing the
likelihood of inter-plant transfer of pollen to stigma. The likelihood of outcrossing is
increased and geitonogamy is decreased when bees visit only a fraction of available
flowers on an inflorescence and when they visit female flowers directly after having
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visited male flowers on another plant. Geitonogamy is minimized because male
fitness gain per flower decreases with each additional flower per inflorescence a
pollinator visits (Klinkhamer et al. 1994, Iwasa et al. 1995).
Most Diadasia bees (> 52%) visited only one flower per inflorescence; thus,
most movements were either inter-plant or inter-inflorescence.

Inter-plant

movements are potential outcrossing movements. Inter-inflorescence are also
potential outcrossing movements to the extent that pollen is carried over from prior
visits to conspecific male flowers. Although bees usually preferred to visit male
flowers, there were 102 inflorescence visits for all site-years combined where some
female flowers were visited: 38.5% of these visits included no visits to male flowers,
and 23.4% included visits to male flowers only after female flowers were visited.
Therefore, over half of the visits to female flowers were not preceded by a visit to a
male flower of the same inflorescence and could have resulted in the deposition of
outcross pollen. Additionally, bees infrequently revisited flowers. These
observations indicate that geitonogamous pollen transfer, while possible, is not likely
to be assisted by Diadasia nigrifrons.
In contrast to Diadasia, other foragers likely contributed little to the
movement of either outcross or self pollen. I did not observe other insects actively
collecting pollen. Although pollen may adhere to the hairs on the face or body of
bees during nectar gathering, most non-Diadasia insects did not contact the stigma
and may not transfer pollen among other S. oregana flowers. Also, non-bee visitors
are relatively hairless; therefore they carry and transfer little pollen. Multiple-flower
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visitors tended not to visit both male and female flowers within the same
inflorescence and moved infrequently from hermaphrodite to female flowers thereby
minimizing geitonogamous pollen transfer. Moreover, other insects were infrequent
visitors to S. oregana inflorescences at all site-years, with the exception of Faust-96,
and as generalists, they may visit a range of different plants during a single foraging
trip potentially losing S. oregana pollen on other plant species. These foraging and
visitation characteristics make other insects poor pollinators of S. oregana.
Comparing a specialist forager to generalists, Ashman and Stanton (1991)
found D. nigrifrons to be superior pollinators to other insects, despite Diadasia being
an infrequent visitor during the study, particularly because Diadasia are the sole
pollen collectors on S. oregana ssp. spicata. I suspect that Diadasia are also superior
pollinators in comparison to other insects on S. oregana ssp. oregana, because they
are generally more common flower visitors, active pollen collectors, contact the
stigma, and infrequently move from male to female flowers within an inflorescence.
This suggests that S. oregana plants should promote visitation by D. nigrifrons in
order to achieve greater pollination success and fitness. Further examination of the
visitation rates, pollen removal and deposition rates, and resulting seed production
facilitated by both D. nigrifrons and other insects is needed to adequately address
issues of pollinator efficiency and plant strategy.
In conclusion, I found that Diadasia nigrifrons bees do not appear to forage
optimally on S. oregana flowers. Bees visit few flowers per inflorescence and tend
to leave the area immediately after visitation regardless of flower number. Optimal
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foraging theory offers little explanation for this behavior as it is traditionally
presented. I offer that the observed behavior is likely a response to perceived
predation risks and/or reward availability. With their skittish flight behavior and
short foraging times, bees appear to behave as if under some risk of capture or
detection. Greenhouse studies should be conducted to determine the potential effects
of predators on bee foraging behavior. For example, one might look for differences
in the foraging behavior of Diadasia in the presence of different levels of predation
risk (e.g., no predators vs. different numbers or densities of individuals).

Lima and

Dill ( 1990) warn that experimental studies may never be able to attain a situation in
which an animal perceives no risk and behaves as such; therefore, caution should be
used when interpreting animal behavior in response to predation risks.
With respect to reward availability, as a specialist forager with a long
evolutionary relationship with its preferred host, Diadasia has likely developed the
ability to discriminate rewarding flowers from a distance and gather floral resources
efficiently. They may detect the presence of nectar and pollen without landing on a
flower and visit only profitable flowers regardless of flower number. Further
research is necessary to address these issues and to better understand the effect of

Diadasia foraging behavior on the pollination of its preferred host, S. oregana ssp.
oregana, and its implications for optimal foraging models. As other researchers
have noted (Ginsberg 1985, McKone et al. 1995), the common generalizations based
on the foraging behavior of the large-bodied, social bees, Apis mellifera and Bombus
spp., may not apply to the variety of plant-pollinator systems in existence.
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